Background: The ACCENT database, with individual patient data for 20 898 patients from 18 colon cancer clinical trials, was used to support Food and Drug Administration (FDA) approval of 3-year disease-free survival as a surrogate for 5-year overall survival. We hypothesised substantive differences in survival estimation with log-normal modelling rather than standard Kaplan-Meier or Cox approaches.
The move towards personalised medicine involves assessing targeted agents in small patient groups, where survival may not be robustly estimated with standard methods. We demonstrate here a method for survival function estimation that may be more robust, with demonstrated differences from standard approaches.
Mismatch repair in colon cancer has been indicated as a predictive marker of benefit from standard adjuvant care, fluorouracil-based chemotherapy (Sargent et al, 2010) . Patients with high level of microsatellite instability or defective mismatch repair had a favourable stage-adjusted prognosis, and did not benefit from fluorouracil-based therapy, while a significant benefit from fluorouracil therapy for tumours with microsatellite-stable or proficient mismatch repair has been demonstrated. In such a situation of differential response by biologic subtype (e.g. KRAS gene mutation and epidermal growth factor receptor inhibitors (Jonker et al, 2007; Karpetis et al, 2008; De Roock et al, 2010) , or human epidermal growth factor receptor 2-positive status and trastuzumab immunotherapy), patient risk of relapse, or death pooled across different subgroups will differ in risk by follow-up time, which violates the usual Cox survival analysis assumption of proportional hazards. Specifically, the Cox model assumptions imply that all patients receive a consistent (and uniform) benefit of treatment over time. Tumour characterisation may in general be expected to impose non-proportional hazards for survival pooled across initially unidentified subgroup classifications. In some circumstances, this violation might either obscure the determination of a significant effect or falsely attribute a significant effect.
The large Adjuvant Colon Cancer End points (ACCENT) database with individual patient data for 20 898 patients enroled on 18 colon cancer clinical trials pre-dated the biologically targeted therapeutic approaches described above (Sargent et al, 2005 (Sargent et al, , 2007 . However, patients with tumours having the above identified mutations, or other as yet unidentified mutations, would have been included, and may have been differentially impacted by therapy; the tumour mismatch repair work utilised a subgroup of ACCENT trials where patients were allocated to fluorouracil-based therapy or surgery alone (Sargent et al, 2010) . Pooled analyses with the ACCENT data showed that patients with stage II and III colon cancer exhibited stage-specific differences in risk of recurrence, or non-proportional hazards, during follow-up (Sargent et al, 2007 (Sargent et al, , 2010 . While proportional hazards is an assumption for the Cox model, it is not for the log-normal model. Further, the ACCENT data exhibited classical log-normal hazard shape for both stage II and III patients (see Figure 1 of previous work, Sargent et al, 2007) . Thus, we hypothesised, based on recent breast cancer literature, that the ACCENT data would have substantive differences in survival estimates with log-normal survival modelling, rather than with the Cox model (Royston, 2001; Chapman et al, 2008) .
The extended follow-up of patients in the large ACCENT database has been useful to characterise baseline survival experience. Pooled analyses with the ACCENT database led to the Food and Drug Administration (FDA) approval of 3-year disease-free survival as a surrogate end point for 5-year overall survival, so we emphasised here comparisons of survival estimates by therapeutic management for these end points and timepoints utilising the standard Kaplan-Meier estimation, Cox modelling and log-normal modelling.
MATERIALS AND METHODS
Analyses using the ACCENT database of 18 randomised phase III colon cancer adjuvant clinical trials were institutional review board approved; each trial was originally approved through appropriate local mechanisms (Sargent et al, 2005) . The 43 treatment arms were collapsed here to examine survival for (1) combination chemotherapy with 5-fluorouracil (5FU) plus leucovorin, with or without levamisole (5FU þ LV±LEV, referred to hereafter as 5FU), or (2) surgery alone (referred to as no 5FU therapy). All 20 898 randomly assigned patients were considered for inclusion in the analyses according to the intention-to-treat principle. The long-term follow-up practices of the trials differed, so to reduce the possibility of bias, follow-up for all patients was censored at 8 years from randomisation.
Therapeutic effect would standardly be reported with hazard ratios based on the full follow-up of patients. Patient experience at a particular timepoint would usually utilise absolute survival rates at that time obtained with the Kaplan-Meier method. The focus on 3-and 5-year rates leads to the common comparator for between model types for absolute survival rates, and absolute differences in survival rates by treatment.
End points. Three end points were utilised: time to relapse, to examine biologic relevance of therapy; and disease-free survival and overall survival, as 3-year disease-free survival was United States FDA approved as a surrogate for 5-year overall survival. Time to relapse was defined as the time from randomisation to the date of the first confirmed relapse; censoring was at longest followup or death without relapse. Disease-free survival was defined as the time from randomisation to the date of first disease recurrence, or for non-recurrence, death; censoring was at longest follow-up. Overall survival was defined as the time from randomisation to the date of death; censoring was at longest follow-up.
Patient Characterisation. Factors available for these analyses were sex (male, female), age (in years), stage (I-III), and treatment (5FU regimen, no 5FU), all of which had significant multivariate impact on outcome (P ¼ 0.005-o0.0001). Robust comparison with Kaplan-Meier results required a large subgroup of patients: we chose male subjects aged 60-65 years, with stage III primary colon cancer, treated with (1) 5FU, or (2) no 5FU: for time to relapse and disease-free survival, N ¼ 1540; for overall survival, N ¼ 1545.
Methods of estimating end points
Kaplan-Meier. Univariate estimation of efficacy is standard with the Kaplan-Meier method for specific subgroups of patients. Estimation is non-parametric based on a step function with adjustment at times of observed events. Kaplan-Meier plots were used for graphical depictions of patient experience. Patient data by follow-up time were used to obtain Kaplan-Meier estimates of each end point of interest at 3 and 5 years.
Cox (proportional hazards) model. Cox regression is standardly used to assess the effect of one or more factors through (log) relative risk of an event. For a factor, subgroups of patients are assumed to have proportional hazards, that is, that the differences in risks between factor-based subgroups do not differ by follow-up time (Appendix 1).
We examined the appropriateness of the assumption of proportional hazards using plots of the log of cumulative hazards against time; under the assumption of proportional hazards, there would be approximately constant differences between for instance treatments, or between stage II and III patients. Fit of the final Cox model was assessed with Cox-Snell residuals, based on the cumulative hazard for patient observation times, patient factor values, and estimated factor effects; a plot of Cox-Snell residuals against time would be expected to follow a straight line (Kalbfleisch and Prentice, 2002) .
The Cox model is not typically used for survival function estimation, although it may be obtained for timepoints during the investigational period (Appendix 1). Cox survivor plots are based on semiparametric estimation, and like those with Kaplan-Meier, are step functions with adjustments at times of observed events. An important difference between the Cox and Kaplan-Meier models is that factors are rarely independent, and the Cox model permits estimation of joint effects on survival in the full group of patients. Further, it is more feasible to simultaneously ascertain survival for single patient values of multiple factors.
For comparability with the Kaplan-Meier model, we estimated survival with the Cox model for the same patients: male subjects aged 60-65 years, with stage III disease, who were treated with (1) 5FU, or (2) no 5FU therapy. Cox survivor plots were used for graphical depiction; the Cox survivor function was used for quantitative estimates of survival.
Log-normal. The log-normal model is a location-scale model (Appendix 2). Location-scale models may be more robust than the Cox model under model misspecification (He and Lawless, 2005) , with specific characterisation an area of ongoing research. We examined support for the log-normal compared with common location-scale (or accelerated failure time) alternatives of an exponential, Weibull, or log-logistic. Observed patient event times and patient factor values are used to fit models; standardised residuals are the differences between the log of observed and log of expected patient event times, divided by estimated error. Residuals for disease-free survival are not centred around zero for any model type, likely indicating missing (biologic) prognostic factors such as those described earlier (Jonker et al, 2007; Karpetis et al, 2008; De Roock et al, 2010 , Sargent et al, 2010 . However, comparing the residuals obtained with available data, we found the range in size of residuals to be smaller with a log-normal model, particularly for events occurring in the first year: see Supplementary Figures 1-4 online for plots of standardised residuals for each model type. The focus for this work thus became the log-normal model. We further checked data support for assuming the log-normal model type by examining quantile-quantile (Q-Q) plots to compare quantiles of the empirical distribution of log e (t) for events with normal quantiles, for each event type; a straight line is expected. Standardised residual plots for disease-free survival indicated a much smaller range of residuals for the LN compared with common location-scale (or accelerated failure time) alternatives of an exponential, Weibull, or log-logistic. The focus for this work is thus the LN.
Log-normal modelling and estimation utilised the same patients as the Kaplan-Meier and Cox models. Like the Cox model, the standard log-normal formulation (Appendix 2) is a log-linear effect of factors, although the effect for log-normal is on log of (censored) survival time. Cox-Snell residuals were used to examine the fit of log-normal models, and are expected to follow a straight line. Lognormal Cox-Snell residuals were compared with those generated for the Cox model. Log-normal survivor plots, based on parametric estimation, were used for graphical depiction; the log-normal survivor function was used for quantitative estimates of survival.
Statistical Solutions BMDP 2009 with enhanced Enhanced Metafile (EMF) graphics was used for all survival analyses.
RESULTS
Kaplan-Meier estimation for time to relapse was performed for 1540 patients, with 200 of 321 (62.3%) patients relapse-free on 5FU vs 676 of 1219 (55.5%) without 5FU-based therapy. Event counts for disease-free survival were 175 of 321 (54.5%) and 589 of 1219 (48.3%); for overall survival, 191 of 321 (59.5%) and 647 of 1224 (52.9%), for 5FU vs no 5FU, respectively.
Disease-free survival at 3 years is the FDA-approved surrogate for 5-year overall survival. Figure 1A examines for disease-free survival the Cox model assumption of proportional hazards using a plot of cumulative hazards, stratified by stage and treatment. There is evidence of substantial non-proportionality of hazards both between patients with stage II and III disease and between those treated with and without 5FU in the first 15 months, where patients experienced the largest hazard of a disease-free survival event. Differences between stage and treatment groups are similar after 2 years. Meanwhile, the disease-free survival log-normal Q-Q plot ( Figure 1B) indicates minor departures from a log-normal distribution (straight line) at short and long follow-up times.
The experience of male subjects aged 60-65 years, with stage II and III disease, was used to fit disease-free survival Cox and lognormal models for each end point. The fit of each model is compared in Figure 2 with an overlay of Cox-Snell residuals by follow-up time. Patient differences between the fitted model and actual data were categorised by stage and treatment for both the Cox and log-normal models. Both model types exhibit systematic departures from a straight line for disease-free survival times less than a year; however, there is pronounced curvature of the Cox model residuals for stage III patients until after 3 years, indicative of lack of data support for the Cox model compared with lognormal model in the important 3-year time period where diseasefree survival is generally considered.
Direct comparisons of all three model types (Kaplan-Meier, Cox, and log-normal) are illustrated for male subjects aged 60-65 years with stage III disease, and who were, or were not, allocated to 5FU arm, with vertical lines at 3 years for time to relapse (Figure 3 ) and disease-free survival (Figure 4) , and at 5 years for overall survival ( Figure 5) . In all instances, the estimated log-normal curves are higher than both the Kaplan-Meier and Cox estimates, whereas the Kaplan-Meier and Cox estimates are quite similar. Although the magnitude of survival estimates differed by model type, directionally, patients who received 5FU had better diseasefree survival and overall survival than those who did not, regardless of model estimation method. Table 1 summarises the comparisons of 3-year survival estimates for the Kaplan-Meier, Cox, and log-normal models for time to relapse and disease-free survival, and those for 5-year overall survival. Patients allocated to 5FU arm had significantly better 3-year time to relapse and disease-free survival (for both end Disease-free survival quantile-quantile plot for male subjects: plot is a normal probability plot for log of disease-free survival event times, to examine the assumption that the logarithm of disease-free survival times has a normal distribution.
oints, P ¼ 0.04 for three model types), and 5-year overall survival (P ¼ 0.02 for Kaplan-Meier and log-normal; P ¼ 0.03 for Cox). The 5FU arm had 5.0-6.7% higher 3-year estimated disease-free survival than the no 5FU arm, while the 5FU arm had 5.3-6.8%
higher 5-year overall survival. Cox and Kaplan-Meier estimates were generally more similar than log-normal and Kaplan-Meier estimates: the range of differences of was À 1.2% to 0.3% vs 2.0-6.3%, respectively. Absolute differences between log-normal and Cox estimates by therapy, at specific timepoints, varied by end point; the differences for 3-year time to relapse were: for 5FU, 5.8% and for no 5FU, 6.3%; for 3-year disease-free survival, 4.8 and 5.1%; and for 5-year overall survival, 3.2 and 2.2%.
DISCUSSION
The move to personalised medicine requires robust estimation of experience in small subgroups of patients as it becomes increasingly possible to characterise specifically tumours. As tools like Adjuvant! Online for colon cancer (http://www.adjuvantonline. com/) move into clinical practice, it becomes important that modelling generates good estimates of patient risk for increasingly finer patient classifications. Here statistical models generated apparent differences in absolute patient risk that might influence decision-making.
The focus of this work was survival at specific timepoints relevant, in particular, to the 3-year disease-free survival as a surrogate for 5-year overall survival. Thus, our aim was to compare absolute differences in survival estimates. For this work, we needed to estimate and use the baseline hazards for the Cox model. We began this investigation with the hypothesis that the standard Cox assumption of proportional hazards, if inappropriate, might substantively affect estimation of survival. Previous work by the ACCENT group (Sargent et al, 2009 ) demonstrated that for the end point of disease-free survival, a time-varying treatment effect was present. In addition, we noted though that there was evidence of non-proportional hazards for the important clinical factor of stage, between stage II and III colon cancer patients (Sargent et al, 2007 (Sargent et al, , 2010 , both stage II and III patients exhibited classical lognormal-shaped patterns for recurrence risk. On the basis of these considerations, the ACCENT data provided a good vehicle for a case-study comparison of survival estimation obtained with the Kaplan-Meier, Cox, and log-normal approaches. Survival estimation should be considered within a cohesive framework that incorporates both the Cox model and a variety of alternatives (Ciampi et al, 1989) , or other more complex modelling (Royston and Parmar, 2002) . In our data set, both stage II and III patients exhibited classical log-normal-shaped patterns for recurrence risk, so we restricted parametric examinations to the common model choices of exponential, Weibull, log-logistic, and log-normal. All four model types were inadequate at short follow-up up at a time period when unmeasured aggressive biologic factors may have been operative (Jonker et al, 2007; Karpetis et al, 2008; De Roock et al, 2010 , Sargent et al, 2010 ; however, there was greatest support among these model options for the log-normal. On the basis of these considerations, the ACCENT data provided a good vehicle for a case-study comparison of survival estimation obtained with Kaplan-Meier, Cox, and log-normal approaches. Boag (1949) proposed an early version of the log-normal model to estimate the proportion of (breast cancer) patients cured by cancer therapy. Pocock et al. (1982) demonstrated operative nonproportional hazards for breast cancer patients for the important factors of disease stage and menopausal status with long-term follow-up. Pooling of data from seven breast cancer ECOG trials (Saphner et al, 1996) showed similar-shaped hazard plots to those by stage within ACCENT (Sargent et al, 2007) , with annual breast cancer hazard rates that reached a peak after several years of follow-up and decreasing thereafter (Sargent et al, 2007 (Sargent et al, , 2009 . Recent reports in the breast cancer literature indicate mounting evidence of potential for substantive differences in survival estimates when the data indicate that there are non-proportional hazards (Royston, 2001; Chapman et al, 2008) . Royston (2001) found that prognosis for breast cancer patients differed by up to a year, depending on whether one utilised a Cox or log-normal assessment. He and Lawless (2005) examined the class of locationscale models, which includes the four parametric model types considered here (exponential, Weibull, log-logistic, and lognormal), and showed that they may be more robust than the Cox model when assumptions are incorrect such as they are for both the Cox and parametric models in the first year of follow-up. Location-scale models require ascertainment of a data-appropriate parametric function for the hazard rate; to estimate survival with a Cox model, it is necessary to (non-parametrically) estimate baseline hazard.
Kaplan-Meier plots require sufficiently large patient subgroups for stable survival estimation, while both the Cox and log-normal models may be fit and graphed with individual patient values; further, both the Cox and log-normal plots may be adjusted for the potentially confounding effects of other factors. Smooth estimation of survival with parametric log-normal survival analysis may be preferable to the step-wise discontinuities at event(s) exhibited by the Cox (Royston, 2001) , or by the Kaplan-Meier approach. We showed here that substantive differences between fitted models, and the data indicated greater data support within the ACCENT database for the log-normal than the Cox model in the important first 3 years for the FDA-approved disease-free survival endpoint. Estimation in pooled, or meta-, analyses could be especially susceptible to conditions that will lead to differences in effects over time: changes arising from disease shift with earlier detection, or from therapeutic improvements. Such changes would lead to different patient cross-sections, who may be managed differently over a broad follow-up period (Sargent et al, 2005) and impose inherent differences in efficacy, or non-proportional hazards. The magnitude of effect of non-proportional hazards is largely unknown at this time. Strategies exist to maintain the validity of the Cox model in the presence of non-proportional hazards. A traditional approach is to create separate time periods with stratification at time points, such that each period has proportional hazards; this approach would be problematic if multiple factors exhibit non-proportionality at different times. One can stratify by factor subgroups if, for instance, treatments have approximate proportionality within factor subgroups; there was evidence of non-proportionality indicated here for stage II and III patients. Alternatively, the Cox model formulation may be changed to have time-varying factors (Appendix 1); however, in most cases the study was powered and designed assuming proportionality, so in most cases the sample size will be inadequate to permit a good fit of time-varying factors (Grambsch and Therneau, 1994) . These approaches, however, risk obscuring the statistical results from transparent clinical interpretation.
An advantage of the Cox model is that it does not require an underlying distributional assumption to assess factor effects, although it is necessary to estimate the baseline hazard for survival estimation. Parametric modelling requires an appropriate model. The log-normal model has been supported by breast cancer trial data (Chapman et al, 2008) . In this colon cancer work, only minor departures were seen for disease-free and overall survivals in the tails of the distributions, which may have arisen from factors not available for modelling. One might hypothesise the existence of patients with aggressive tumour features (Jonker et al, 2007; Karapetis et al, 2008; De Roock et al, 2010; Sargent et al, 2010 ) not known to investigators, and thus not represented in the models to account for these differences.
All three model types indicate consistent evidence of improved 3-year disease-free survival and 5-year overall survival with 5FU over no 5FU therapy, with better 3-year time to relapse and disease-free survival (P ¼ 0.04), regardless of model type, and 5-year overall survival (P ¼ 0.02 for Kaplan-Meier and log-normal; P ¼ 0.03 for Cox). Further, all model types indicated the 5FU arm-treated patients having similar improvements over those with no 5FU arm. In particular, estimated 3-year disease-free survival was 5.0-6.7% higher, and 5-year overall survival was 5.3-6.8% higher with 5FU vs surgery alone control.
Cox and Kaplan-Meier estimates were generally more similar than log-normal and Kaplan-Meier, with differences between Cox and Kaplan-Meier varying from À 1.2% to 0.3%, and log-normal and Kaplan-Meier, 2.0-6.3%. Absolute differences in estimable survival between the log-normal and Cox models varied substantively for 3-year time to relapse, 5.8 and 6.3%; for 3-year disease-free survival, 4.8 and 5.1%; and for 5-year overall survival, 3.2 and 2.2%.
Both the Cox and log-normal models permit finer multivariate specification in terms of patient characteristics (age in years, number of involved lymph nodes, tumour size in cm) than the Kaplan-Meier, which could be advantageous in smaller populations. Continued sequential partitioning of patients by tumour marker status, such as that arising from KRAS studies or tumour mismatch repair in colon cancer, challenges the traditional practice of large patient group counts based on patient characteristics, disease stage, or gross tumour descriptors.
We observed substantive differences between estimates of 3-year disease-free survival and 5-year overall survival with log-normal and Cox models, with greater data support for the log-normal fitted model in the first 3 years with the ACCENT database. The magnitude of differences in survival estimates with a log-normal vs a Cox model were large enough to be clinically relevant and warrant further consideration as we evaluate new therapies and prognostic/predictive factors. We are working to better understand the robustness of the Cox and log-normal statistical frameworks under misspecification, at anticipated levels of censoring for different cancer types.
